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MEMS Electrosprav Nozzle for Mass Spectroscopy 

Field of the Invention 

This disclosure relates to chip-based chemical 
analysis systems such as electrospray mass spectroscopy 
5 (MS) . More specifically, this disclosure relates to 
fabrication of a micron-sized micro-electromechanical 
systems ( ^'MEMS" ) electrospray nozzle . 

Background and Summary 

Miniaturization of chemical analysis systems has 
10 been desirable in fabricating compact liquid 

chroma tographs and capillary electrophoresis chips. The 
prior art in MEMS technology have been mainly in the 
field of UV absorbance and electro -chemi- luminescence for 
on-chip detection. These optical methods are not. viable 
15 for most biomolecules , e.g. protein and peptide, 

detection. It is desirable to have an on-chip detection 
element that has the femtomole sensitivity and 
versatility provided by a. mass spectrometer (MS) . MS 
also allows minimal liquid sample preparation. 
2 0 Most conventional mass spectrometers are too large 

to accommodate MEMS systems. Hence, a method and 
apparatus which couples MEMS systems to a non-MEMS mass 
spectrometer is desired. More specifically, an on-chip 
interface that has the advantage of directly connecting 
2 5 the two systems together is desired. 

MEMS chemical, systems can generate ions for MS 
analysis with . electrospray ionization (ESI). ESI can 
detect large molecules, e.g. molecules up to 200KDa, 
directly from the liquid sample. This capability is 
30 desirable for MEMS protein and peptide analysis. Bio- 
assay methods such as polymerase chain reaction (PGR) • 
amplification are not as useful in such a large molecule 
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range. Other advantages of ESI include: soft ionization, 
ease of use, and complete compatibility with liquid 
chromatography . 

Conventional ESI is done using glass capillaries. 
5 If MEMS devices are interfaced using this conventional 
technique, the liquid sample needs to be piped out with 
capillary tubing to the MS intake. There, the sample 
molecules are ionized and then, detected. Dead volume is 
the internal volume that the liquid takes up from the 

10 inlet of the device to the actual point of analysis. The 
point of analysis in the case of ESI is where the 
droplets are sprayed out. Smaller dead volume is 
advantageous. Increase in overall system dead volume can 
obviate certain advantages gained in MEMS miniaturization 

15 of the liquid separation stage. The present disclosure 
teaches decreasing the overall system dead volume. 

The present disclosure provides an apparatus that 
can couple MEMS systems and mass spectrometry systems 
using ESI without these drawbacks. Recently, in 

20 ^^Multichannel Microchip Electrospray Mass Spectrometry", 
Xue et al. Anal. Chem, 1997, vol. 69, p. 426-430 and in 
^^Generating Electrospray from Microchip Devices Using 
Electrosmotic Pumping", Ramsey et al , Anal. Chem, 1997, 
vol. 69, p. 1174-1178; Xue et al and Ramsey et al have 

25 both tried interfacing flat-edged glass micro -channels 
with cross -sect ions of 10 /xm deep by 60 fim wide to an MS 
and demonstrating electrospray (ES) 

The present disclosure uses an overhanging silicon 
nitride micro- channel . The preferred dimensions are 1 /im 

30 high by 2 ^m wide. This micro-channel dramatically 
reduces the wetted surface area at the ESI tip. 
Reduction of this orifice diameter and tip surface area 
correspondingly reduces the size of the fluid cone during 
electrospray, thus reducing the internal volume that the 

3 5 liquid occupies from the inlet of the device to the 
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actual point of analysis. This internal volume is called 
the dead volume. In addition to reducing dead volume, 
the nozzle has integrated particle filter structures . 
These filter structures functions to reduce MEMS ESI tip 
5 clogging. 

Brief Description of the Drawing 
These and other aspects will be described with 
reference to the drawings, in which: 

FIG. 1 shows a conventional ESI configuration; 
10 FIG. 2 shows an electrospray from a 370 fim OD (160 

fim ID) capillary; 

FIG. 3 shows a three dimensional view of an 
electrospray nozzle; 

FIG. 4 shows a top view of electrospray nozzle 
15 illustrating particle, filters; 

FIG. 5 shows nozzle dimensions in a preferred 
embodiment ; 

FIG. 6A-6J shows the fabrication sequence; 
FIG. 7 shows a nozzle cross -sectional view; 
2 0 FIG. 8 shows a mass spectrum analysis of 

gramicidin S; 

DescriiDtion of the Preferred Embodiments 

MI CRO - ELECTRO S PRAY 

Electrospray ionization (ESI) generates ions for 
25 mass spectroscopic analysis of chemical and biological 

liquid samples. ESI occurs when fluid in a capillary tip 
is subjected to a potential drops of e.g. 1-4 kV. The 
high electric field induces charge on the surface of the 
fluid at its tip 150. Spraying occurs when coulombic 
3 0 forces are large enough to overcome the surface tension 
forces . 
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FIG. 1 shows a conventional ESI configuration with 
a glass capillary 120 packed with particle filters 130 
and a MS inlet 140. Particle filters 130 in the system 
are used to prevent clogging of the tip 150 . 
5 Conventional capillaries are packed with glass 

beads to make the filters. Dead volume in this ESI 
configuration is the volume in the filter 13 0 plus the 
volume in the capillary 12 0 plus the volume of the cone 
of fluid 160 at the tip 150. 

10 Scaling down the ESI tip from typically 100 /xm to 

1 fixn inner diameter (ID) results in significant reduction 
in dead volume. Dead volume is the proportional to 
square of the radius. So therefore, the dead volume can 
be reduced by a factor of approximately (50)V(-5)2 = 

15 10,000. The outer diameter (OD) minus the inner diameter 
(ID) is equal to the wall thickness of the capillary. 
Scaling down the ESI tip reduces dead volume using the 
minimum sample required for operation. This produces a 
more stable electrospray , lower sample flow rates and 

2 0 lower voltages required for ionization. 

FIG. 2 shows an elect rospray from a 370 /zmOD (160 
lim ID) capillary. FIG. 2 illustrates the possible 
savings in dead volume with a smaller electrospray tip. 
The dead volume is the volume inside the capillary 220 

25 plus the volume of the cone 240. The almost "'solid" 

looking cone of fluid 24 0 is called the Taylor cone. The 
Taylor cone is the cone of fluid that is formed when 
fluid is placed in an electric field for electrospraying . 
In this embodiment, the flow rate is 1 /xL/min with a 

30 potential of 1250V between the fluid and the MS inlet. 
This flow rate is within limits of conventional 
electrospray tips . 

In '"Electrospray Interface for Liquid 
Chromatographs and Mass Spectrometers", Wilm et al , Anal 

3 5 Chem, 198 5; Wilm et al developed the following 
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mathematical model of this phenomenon: 

^ 1/3 



^"6 = 



L4n^(-^)^-l]tan(|-v)J 



(dV/dt)^/^ 



where represents the radius of the emission region at 
the tip of the Taylor cone, 7 the surface tension of the 
liquid, p the density of the liquid, the applied 
5 voltage, the voltage at which the cone is formed, v the 
cone angle, and dV/dt the flow rate. This equation 
predicts that the emission radius r^ can be reduced with a 
reduction in flow rate. 

The inventors describe MEMS type nozzles which may 
10 be compatible with this theoretical model. In one 

preferred embodiment a 1:1 water : methanol solution is 
electrosprayed. The following is a calculation of this 
embodiment which demonstrates MEMS compatibility with the 
model. Using the following: y = 0.03531 Nm"^ , p = 896kg 
15 m"^ , Ua =4000V, Ut = lOOOV, r^ is calculated as 33 nm. 
It is shown that r^ is much smaller than 1 fiva, so MEMS 
nozzles do conform to the model. If r^ were larger than 
the normal MEMS sizes, then scaling down the nozzle might 
not have any benefits. 
20 With this desirable trend toward smaller ESI tips, 

the conventional way of fabricating these 0-3/1-3 /xm 
inner diameter tips becomes difficult even with a micro- 
capillary puller. In addition to being time consuming, a 
major problem of this technique is the inability to 
25 produce reproducible tip geometries. Particle filters 
are inserted manually to prevent the tiny capillaries 
from clogging with debris. 

Many ■ of these problems are obviated by the 
micromachined electrospray nozzle. The capability to 
30 fabricate micron- sized tips with micromachining is 
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advantageous in many ways: 1) the shape and finish of the 
tip can be reproducible from chip to chip, 2) complex 
MEMS filter structures can be constructed inside the 
micromachined liquid channel in order to filter out 
5 debris, and 3) mass production is available due to batch 
processing . 



DEVICE FABRICATION 



FIG. 3 shows a silicon micromachined nozzle. The 
nozzle structure 320 is formed on a support substrate 

10 33 0, preferably a silicon substrate. The support 

substrate 330 is formed to have a sample inlet hole 340, 
The sample inlet hole 34 0 is positioned on the underside 
of the silicon substrate 33 0 in contact with the nozzle 
structure 320, marked by dashed lines in FIG. 3. A 

15 capillary tubing 350 is attached to the sample inlet hole 
340 to supply liquid sample into the nozzle structure 
320. 

The liquid sample flows into the channel field 3 60 
of the nozzle structure 320. The channel field 360 is a 

20 micro-channel formed with multiple filter structures 370. 
The channel field 3 60 narrows into the channel in the 
tip, tip channel 365. The spacing between the filter 
structures 370 slowly decreases from the back of the 
channel field 380 to the tip 390. The filters are closer 

2 5 together as the channel field approach the tip to trap 
smaller particles from the sample. This spacing scheme 
functions to prevent nozzle clogging. One embodiment 
features filter spacing of 3 0 microns at the back of the 
channel field 380 and 1 micron filter spacing at the tip 

30 390. 0.5 micron filter spacing at the tip 390 is also 
preferred. The spacing of the filter structures 3 70 is 
shown in detail in FIG. 4. FIG. 4 is a top view of the 
nozzle structure 320. 
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Figure 5 illustrates nozzle . dimensions in one 
embodiment. The channel field width 510 at the back of 
the channel field 380 is 200/im. The channel field width 
510 decreases from the back of the channel field 380 to 
5 the tip 390. The total length of the nozzle 520 is 

300/im. The inlet hole width 530 is 25Atm. The length "of 
the tip 540 is 40jLtm. The tip width 550 is 3/xm. 

Figures 6A-6J show the fabrication steps for the 
nozzle structure 320. Figures 6A-6E shows a cross 
10 section of the nozzle structure 320 at the interface with 
the inlet hole 340; the inlet hole 340 is shown as the 
largest black square on the nozzle structure 32 0. 
Figures 6F-6J shows a cross section of the corresponding 
nozzle structures 32 0 of the Figures 6A-6E, respectively 

15 at the tip 390. 

The nozzle structure 320 is formed by a 
sandwich" . Two silicon nitride layers 615, 620, each 1 
ptm thick on a 500 /zm silicon substrate 330 form outer 
portions of the sandwich. A 1 ^m phosphosilicate glass 
20 (PSG) layer 610 forms both filters and space inhibitors 
for the interior of the channel. The silicon nitride 
layers 615,620, form the channel field 360 and the tip 
channel 3 65 after the wafer is back etched with KOH. The 
channel field 360 is a micro-channel that narrows into 
25 the tip channel 365. The first deposited silicon nitride 
layer 615 is the floor of the channel field 3 60 and the 
floor of the tip channel 365. The second deposited 
silicon nitride layer 620 is the roof of the channel 
field 360 and the roof of the tip channel 365. The PSG 
3 0 layer 610 acts as the sacrificial layer for the channel 
field 360 and the tip channel 365. The sacrificial layer 
is the layer that is deposited and then in subsequent 
fabrication steps etched away leaving in this case a 
opening for the sample fluid. This opening is the 
35 channel field 360 and the tip channel 365 represented as 
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the white spaces in FIG. 6E and 6 J respectively. The 
channel field 360 and the tip channel 365 occupy the 
volume where the PSG layer was located before the PSG 
layer is etched away. 
5 The fabrication sequence begins as shown in 

figures 6A and 6F with a 1 deposition of LPCVD silicon 
nitride 615 on silicon siibstrate 330. The silicon 
nitride 615 is then patterned with SF^/O^ plasma. This 
step opens up inlet hole 34 0 to provide access to the 

10 channel field 360 after backside KOH etch. 

As shown in FIG. 6B and 6G, after patterning the 
silicon nitride 615, a 1 /xm layer of PSG 610 is deposited 
and patterned with buffered HF. The PSG acts as the 
sacrificial layer for the channel field 360 and the tip 

15 channel 365. The patterning of the rectangles 370 into 
the PSG 610 strengthens the inlet roof 63 0 as well as 
creating particle filter structures 370 inside the 
channel field 360. The inlet roof 630 is formed from the 
second silicon nitride layer 620. 

20 To complete the ^'sandwich," as shown in FIG. 6C 

and 6H, one more layer of l//m silicon nitride 620 is 
deposited and patterned. When this nitride layer 62 0 is 
deposited on PSG, the nitride layer 62 0 becomes the roof 
of the channel field 3 60 and the roof of the tip channel 

25 365. In the areas 360, 365 where the PSG 610 has been 
etched, this second nitride 620 contacts the first 
nitride 615. 

FIG, 6D and 61 show backside windows being 
patterned into the wafer for a subsequent KOH bulk 
30 etching step. The bulk etching takes place from the 

front 650 and back side 380 simultaneously. In FIG. 61, 
from the front side 650, the KOH etch removes the silicon 
33 0 under the tip channel 3 65, thus defining the nozzle 



wo 98/35376 



PCT/US98/015a6 



=-9-= 

tip 390. In FIG. 6D, the back side 380 the wafer is 
etched until the nitride inlet holes 34 0 have been 
reached . 

After rinsing the KOH, as shown in FIG. 6E and 6 J, 
5 the dies are etched for approximately 40 minutes in 4 9% 
HF to remove the sacrificial PSG GIO to release the 
channel structures 360, 365. The chips are subsequently 
rinsed in deionized water (DI) overnight and baked dry. 
One embodiment as shown in FIG. 7 has the 
10 connection 710 made by gluing a 700 ptm OD fused silica 
capillary 350 to the underside of the sample inlet hole 
340 . 

The layers that make up the roof and floor of the 
channel field 36 0 and tip channel 3 65 is preferably made 
15 from silicon nitride. Nitride is not etched by KOH, 

TMAH, HF and some other et chants which etch silicon and 
PSG. Any material that is not etched by etchants that 
can etch the support substrate and the sacrificial layer 
can be used. 

20 The sacrificial layer is preferably made from PSG. 

Polysilicon can also be used. PSG is chosen because PSG 
is easily etched with HF and can be deposited conformably 
over nitride . 

KOH is used in this embodiment as the bulk 

25 etchant. KOH is a standard etchant giving smooth 

sidewalls when etching silicon, KOH etching is also a 
very controllable and repeatable, robust process. The 
undercut of 111 silicon planes is minimal when KOH is the 
etchant. Another etchant, ethylenediamine pyrocatehecol 

30 EDP can also be used. If polysilicon is used as the 

sacrificial layer instead of PSG, then TMAK can be used 
as the etchant . 

The channel field 360 and the tip channel 365 can 
be derivitized hydrophobic or hydrophilic to accommodate 

3 5 the type of sample to be analyzed. 
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PERFORMANCE CHARACTERIZATION 

Tests were carried out to characterizes structural 
rigidity and channel blockage by injection of DI water 
into the inlet of fabricated electrospray nozzles. Some 
5 nozzle clogging problems have been observed. 

Contamination from the sacrificial etch and 
crystallization of particles in the drying process is 
believed to be one cause of this clogging. This clogging 
problem is greatly reduced by a 24 hr or longer rinse in 

10 DI water, and a tip burn- in with an alcohol lamp. The 
liquid meniscus is monitored visually through a 
microscope as it traveled out to the tip. From video 
footage of this moving meniscus in the 2 fim channel, the 
inventors estimates a flow rate of 3 . 6 nL/min. Although 

15 the pressure drop of the fluid as it traveled through the 
nozzle channel is not measured, the reduction of the 
overall channel from about 200 /xm to a micron size 
presents no significant back pressure when the channels 
is not clogged. The 1 /xm channel height and particle 

20 filters ensures that no particulate matter is deposited 
at the nozzle tips from the sample fluid. 

The pyramidal liquid port on the back of the 
micromachined chip is converted to a tubular 
configuration by the addition of a short section of 740 

25 jum OD X 53 0 fim ID Fused Silica Capillary (FSC) available 
from Polymicro Technologies, Phoenix, AZ. The FSC 
extension is positioned within the liquid port using a 
crude micro-manipulator with visual confirmation of joint 
alignment from a Leica X 1000 stereo microscope. The 

30 extension was secured using a standard two-part epoxy 
resin. Once cured, the extension was cut to a final 
length of one centimeter. Liquid connection to the chip 
interface is achieved using a mult i -laminate fused silica 
transfer line constructed as follows. The running length 
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of transfer line (10-15 cm) is constructed from 150 /xm 
OD X 25 /xm ID FSC . Each end of the transfer line was 
inserted into a 2-3 cm section of 350 iim OD x 155 /xm ID 
FSC until flush and then sealed with epoxy resin. Upon 
5 drying, one end of the transfer line is inserted into 
the 53 0 fim ID FSC extension and sealed in the same 
manner . 

Chip performance is analyzed using a standardized 
solution of Gramicidin S . The test sample is dissolved 
10 in 50:50 MeOH:Water, 1% HOAc (by volume) at a final 

concentration of 4 pmole//xl. A Harvard Apparatus model 
44 syringe pump fitted with a 50 ul gas-tight syringe 
available from Hamilton, Reno, NV, is used to deliver the 
test compound to the M-M interface via a separate 75 cm 
15 length of 350 /xm OD x 75 /xm ID FSC transfer line. A 2.5 
cm section of 22 gauge Platinum tubing available from 
Hamilton, is fitted to the end of the transfer line to 
provide the necessary liquid-metal contact for sample 
ionization. Final connection to the M-M transfer line is 
20 through a Supelco Capillary Butt connector using a 0.4 mm 
to 0.8 mm ID dual sided Vespel ferrule available from 
Supelco Inc., Bellafonte, PA. 

The standard ESI interface to the Finnigan Mat LCQ 
Ion Trap mass spectrometer is replaced with a Polyacrylic 
25 platform upon which a XYZ micropositioning translational 
stage, e.g. model 460A XYZ, available from Newport Corp., 
Newport Beach, CA, had been mounted. The nozzle chip is 
secured to the XYZ stage using a modified micro clamp / 
e.g. a clothes pin, and precisely positioned under a 
30 high-power stereomicroscope , e.g., Zeiss, STEMI SVS , 200 
mm lens, 25x ocular. A fiber optic cold light source 
available from Schott, model KLISOO, was used for 
illumination. The high voltage lead from the mass 
spectrometer was modified to terminate in a small 
35 alligator clamp to facilitate the connection to the 
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Platinum electrode. The nozzle was centered in front of 
the heated capillary inlet of the mass spectrometer at a 
distance of 0.25 mm to 0.4 mm. 

The Finnigan Mat LCQ Ion Trap mass spectrometer is 
5 operated under manual control through the "Tune Plus" ' 

view over a scan range from 500 to 1200 AMU. The maximum 
injection time is 500 ms with an AQC setting of 1.0 x 10 
8 for full mass range analysis. A 4 kV potential is 
applied to the Platinum electrode for sample ionization. 

10 FIG. 8 shows a mass spectrum analysis of 

gramicidin S. The group of doubly charged ions (m/z 
ratios 571.3-572.3) characteristic of gramicidin S have 
been clearly detected above the background ions. The 
additional peaks in the spectrum seem to have come from 

15 epoxy residue. Although epoxy contamination remains an 
important issue when the nozzle is used by itself, on- 
chip integration with other separation devices may 
eliminate this problem. The sensitivity of this MS 
analysis is comparable to that of conventional ESI 

2 0 sources. 

This nozzle can be used for nano-flow 
electrospray . The use of micromachining also adds a 
level of repeatability in the nozzle tip that is 
unavailable with conventional tips. Furthermore, the 
25 integration of micro-particle filters has made the nozzle 
a much more convenient tool for MS. This MEMS device now 
has the possibility to be integrated with other chip- 
based .chemical analysis systems, thus, increasing the 
potential of high sensitivity chemical detection with 

3 0 MEMS systems. 

Although only a few embodiments have been 
described in detail above, those having ordinary skill in 
the art will certainly understand that many modifications 
are possible in the preferred embodiment without 
35 departing from the teachings thereof. 
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What is claimed is : 

1 . A method of fabricating a micromachined 
electrospray nozzle with a micro- channel , comprising: 

obtaining a support substrate; 
5 first forming a first layer on said support 

substrate forming the floor of a micro- channel ; 

first patterning said first layer forming an inlet 

hole; 

second forming an interior layer over said first 
10 layer, said sacrificial layer occupying a portion of a 
volume of said micro-channel but still allow fluid to 

flow ; 

second patterning a portion of said interior layer 
to form a filter structure; 
15 third forming a second layer, said second layer 

forming a roof of said micro-channel ; 

thereby defining said micro- channel with 
supporting sides and said interior layer inside said 
supporting sides; and 

20 etching said support substrate to expose a nozzle 

tip and releasing said inlet hole. 



2. A method as in claim 1, wherein said support 
substrate is silicon. 

3. A method as in claim 1, wherein said first 
25 layer contains nitride. 

4. A method as in claim 1, wherein said 
sacrificial layer is phosphosilicate glass (PSG) . 

5. A method as in claim 1, wherein said second 
forming comprises depositing a sacrificial layer, and 
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etching said layer to allow fluid flow therethrough. 

6. A method as in claim 1, wherein said first and 
second layer is a material that is not etched by etchants 
that etch the sacrificial layer. 

5 7. A method as in claim 2, wherein said first 

etching is done with KOH. 

8. A method as in claim 2, wherein said first 
etching is done with ethylenediamine pyrocatehecol (EDP) . 

9. A method as in claim 4, wherein said second 
10 etching is done with HF. 

10. A method as in claim 1, wherein said interior 
layer is polysilicon. 

11. A method as in claim 10, wherein said second 
etching is done with TMAH. 

15 12. A method as in claim 1, wherein said first 

patterning is done with SFg/Oj. 

13 . A method of fabricating a micromachined 
electrospray nozzle, comprising: 

first forming a channel field that defines a 

2 0 micro- channel ; 

second forming a tip in communication with said 
micro-channel, said channel field narrower at an end near 
the tip than at an end distant from the tip; 

third forming a filter structure on said channel 
25 field, said filter structure having multiple spaced 
filter structures; and 

spacing said filters such that said filter 
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Structures are closer together on the channel field as 
the channel field narrows into said tip. 

14, A micromachined channel apparatus, comprising: 
a support substrate; 

5 a nozzle structure formed on said support 

substrate; 

a sample inlet hole formed on said nozzle 
structure; 

a capillary tube feeding a sample into said nozzle 
10 structure via said inlet hole, said capillary tube .having 
an inner diameter between 0.3-3 /zm. 

15, A micromachined nozzle comprising: 

a channel field having an inner diameter between 
0.3-3 fJLVCi ; 

15 a nozzle tip, wherein said channel field is a 

micro -channel that narrows into a channel of said nozzle 
tip, wherein said nozzle tip functions as a sample 
outlet ; 

a filter structure positioned on said channel 
20 field, said filter structure having multiple spaced 
filter elements, wherein said filter elements are 
positioned such that said filters are closer together on 
the channel field as the channel field narrows into said 
tip; 

25 an inlet hole positioned on said channel field, 

said inlet hole functions to allow a sample to enter said 
channel field. 

16, A nozzle as in claim 15, wherein said sample 
outlet is an interface with a mass spectrometer. 
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17. A nozzle as in claim 15, wherein said channel 
field and said tip is derivitized hydrophobic or 
hydrophilic to accommodate said sample. 
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Figure 2: Electrospray from a capillary 
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Figure 3: S-d view ofES Nozzle 
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Figure : Top view showing particle filters 
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Figure .. Typical nozzle dimensions 
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1. 1st Silicon Nitride (lum)/ 






fePt 



Phosphosilicate Glass(PSG) 





3. 2nd Silicon Nitride 





4. Back/Front Side Bulk Si Etch (KOH) 





5. 



PSG sacrificial layer etch 
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Figure : Major fabrication steps 
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Nozzle 




Figure : Nozzle cross-sectional view 
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Figure £: MS scan of gramicidin S using MEMS nozzle 
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